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Abstract 
Good progress in the front silver metallization paste development has lead to significant efficiency improvements for 
standard crystalline silicon solar cells in the past years. In order to gain more insight into the contact mechanism, 
recent silver pastes capable of contacting higher resistive emitters – without selective emitter and without subsequent 
plating – were studied in this work. Within solar cell silver thick film contact investigations, two different theories 
predominate to explain the current transport from the silicon into the silver finger’s bulk. The first one establishes that 
the current mainly flows through the Ag-crystallites grown into the silicon emitter that are either directly connected to 
the silver bulk or separated from the silver finger by a thin glass layer. The second one suggests that at optimum 
firing conditions nano-Ag-colloids are formed inside the glass layer allowing the current to flow into the silver finger 
through multi-step tunnelling. By sequential selective silver and glass etch-back and reconnection via liquid 
conductive silver, different combinations of conductivity path systems were investigated. On pyramidal textured Si, 
contacts from recent silver pastes reveal Ag-crystallites at the pyramid tops which are likely directly connected to the 
body of the Ag-finger. Even on flat Si we observe these likely direct contacts with advanced silver pastes. Our liquid 
conductive silver experiments indicate that the largest current contribution is flowing through these Ag-crystallites. 
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1. Introduction 
Screen printing is still the most widespread technique used for contacting the n+-emitter of industrial 
crystalline silicon solar cells. Besides the composition of the silver paste, the SiNx antireflection coating, 
the emitter doping profile, the temperature profile and velocity of the firing step and the silicon wafer 
surface topography influence the front contact formation on a solar cell [1-9]. The components of a screen 
print silver paste are the silver particles, solvents, binders and glass frit, where the latter plays the crucial 
role for the electrical contact formation since it etches the SiNx coating and thus allows the formation of 
Ag-crystallites grown into the silicon emitter and the nano-Ag colloids spread close to the emitter. 
However, the glass frit provides a glass layer of rather low conductivity between the silicon emitter and 
the bulk of the silver finger and increases the contact resistance per consequence [1]. The firing step is 
crucial for the contact formation. So-called under-firing leads to a poor opening of the SiNx layer and so-
called over-firing results in a rather thick insulating glass layer with large Ag-crystallites, which deeply 
penetrate the emitter and may create a short-circuit through the junction [1]. The crystalline orientation of 
the Si surface defines the shape of the Ag-crystallites grown into the emitter. On ˂ 100˃  oriented Si the 
Ag-crystallites are inverted pyramids. Round shaped crystallites as described by Schubert for ˂ 111˃  
surfaces [1] have varied to triangular shapes with shallower penetration into the silicon emitter avoiding 
short-circuit losses [7]. 
In the present work we investigate the reason for the progress in contact formation with recent thick 
film screen print silver pastes. By scanning electron microscopy (SEM) we observe the microscopic 
structure of the formed front contacts on flat and textured Si solar cell surfaces. Furthermore we apply 
liquid conductive silver after sequential selective silver and glass etch-back of the contact to evaluate the 
influence and importance of the formed Ag-crystallites on the current transport. 
2. Experimental 
Solar cells were fabricated from 156 x 156 mm2 p-type 3-6 Ω cm Cz-Si wafers textured with random 
pyramids or saw damage-etched by NaOH for flat surfaces. The emitter was formed by standard POCl3 
diffusion with 60 Ω/sq sheet resistance, and then the SiNx antireflection and passivation layer was 
deposited via PECVD. The front metallization process was carried out by screen-printing different 
commercial silver pastes. Al paste was screen-printed on the back. Finally, the front and back contacts 
were simultaneously formed by co-firing of the wafers in an IR heated belt furnace. 
By current-voltage (IV) and electroluminescence (EL) measurements, the optimal firing profile for 
each silver paste was found. Contact resistances were measured with the transmission line method (TLM) 
and then compared with scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry 
(EDX), to characterize glass, Ag-crystallites penetrating the Si surface, nano-Ag colloids dispersed inside 
the glass layer and contact imprints as left by removal of the Ag-crystallites. 
The front side metallization was etched back with aqua regia (HCl 32% + HNO3 65% 3:1, 1 h, RT), HF 
(4%, 7 min, RT) and BHF (10%, agitated, as long as needed for Ag-finger to fall off (~ 8 min), in dark, 
RT). Figure 1 shows the etching sequences for our conductivity paths investigation: a) Ag-finger, 
reference standard solar cell sample, b) Removal of Ag-finger by aqua regia (AR), c) Removal of Ag-
finger by AR and subsequent removal of glass by HF, d) Removal of Ag-finger by AR, then removal of 
glass by HF and finally removal of all silver left beneath the glass layer by AR, resulting in bare emitter 
with imprint, e) Removal of glass by BHF, such that the Ag-finger is lifted off together with the glass, and 
per consequence, all Ag-crystallites grown into the silicon emitter remain. 
Finally, liquid conductive silver is applied to the etched-back samples and TLM is measured again, to 
get insight into the current transport mechanisms of the studied contacts. 
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Fig. 1. Etching sequences for conductivity paths investigations. 
3. Results and discussion 
After selective silver etching without glass removal, case b), pyramid tips free of glass but with 
imprints from etched-away Ag-crystallites are visible by SEM, see Figure 2. The inhomogeneous glass 
layer fills the pyramid valleys. 
 
 
Fig. 2. SEM picture after silver etching without glass removal on ˂ 111˃  Si surface. 
Our hypothesis is that these imprints left by the removed Ag-crystallites at the pyramid´s tips were in 
direct contact with the bulk of the silver finger, since the inhomogeneous glass layer concentrates 
preferably in the pyramid valleys and allows direct contact formation between the silver finger and the 
Ag-crystallites at the pyramid´s tips. 
When we remove not only the silver finger but afterwards also the glass layer, case c), there is 
evidence that sparse direct contacts also exist on flat ˂ 100˃  oriented Si with recent silver pastes, see the 
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highlighted imprints of Ag-crystallites in Figure 3i. Figure 3ii is a close up of such an imprint and Figure 
3iii shows the inhomogeneous but continuous glass layer when we etch only the silver. Ag-crystallites 
grown into the Si emitter underneath the glass can be observed, which were protected by the glass layer 
during the selective silver removal. Only in the highlighted area there is a hole in the glass layer having 
the typical silver crystallite imprint shape, meaning that likely there was a silver crystallite in direct 
contact with the silver finger and thus it was etched away together with the finger. 
 
 
Fig 3. SEM top view on <100> oriented flat Si i) After silver etching and glass removal, ii) Close up of a highlighted area of Ag-
crystallites with an imprint, iii) Silver etching without glass removal. 
After selective silver finger removal, Figure 4 illustrates several features on the surface, which 
originated during the contact formation; 1) imprint of Ag-crystallites possibly in direct contact with the 
silver finger, 2) glass frit, 3) Ag-crystallites underneath the glass, 4) nano-Ag colloids inside the glass. 
 
 
Fig. 4. SEM top view after silver etching showing the contact components. 
In order to estimate the contributions of these contact components to the current transport from the 
silicon emitter into the silver finger, we reconnect the contact components by liquid conductive silver, 
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after the different etching sequences described in Figure 1 and measured the contact resistivity by means 
of TLM. Figure 5 shows a sketch of the possible current paths after liquid conductive silver application to 
the etched samples. The red arrows indicate the current flow from the emitter into the silver finger 
directly through the Ag-crystallites grown into the silicon surface. The blue arrows depict the current flow 
from Ag-crystallites through the Ag-colloid loaded glass layer into the silver finger. 
 
 
Fig. 5: Different configurations of conductivity paths as realized by different selective etching sequences with subsequent liquid 
conductive silver application. Red arrows indicate current flow directly via Ag-crystallites into the Ag-finger and blue arrows 
indicate current flow through an additional Ag-colloid loaded glass layer in between. 
TABLE I. Contact resistance measurements after the different stages of contact etching sketched in Figure 5, with 
subsequent liquid conductive silver application [10]. *TLM measurement limit given by the sample geometry and emitter 
sheet resistance. 
Ag-paste Surface 
ρC (mΩcm2) 
a) b) c) d) e) 
A-gen06 
pyramids 
8 20 3.5 1500 ≤1* 
A-gen09 6 100 3.5 1600 3.5 
B-gen09 4 700 1.5 1300 ≤1* 
A-gen06 
flat 
200 200 25 2000 20 
A-gen09 150 300 10 1400 2.5 
B-gen09 50 700 3.5 1300 3.5 
 
Table I shows that the contact resistivity of the un-etched solar cell samples, case a), is about 6 mΩcm2 
when pyramidally textured, while an order of magnitude higher contact resistances are measured on flat Si 
surfaces. When the silver is selectively etched away, case b), and liquid conductive silver is applied for 
contacting, the contact resistivity of the textured surfaces is an order of magnitude higher. Only where no 
Ag-crystallite imprints are found, i.e. with paste A-gen06 on a flat surface, silver etching with subsequent 
liquid conductive silver application does not increase the contact resistance. As the directly contacted Ag-
crystallites were etched away by AR together with the silver finger, the current flows through Ag-
crystallites grown into the Si emitter but separated from the silver finger by the Ag-colloid loaded glass 
layer. When we selectively remove the silver and then the glass, case c), the Ag-crystallites, which were 
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covered under the glass, are transformed in directly contacted Ag-crystallites when covered by liquid 
conductive silver, and the contact resistivity decreases to values lower than the ones of the initial 
configuration, concretely to 1.5 - 3.5 mΩcm2 in case of the textured surfaces and 3.5 - 25 mΩcm2 in case 
of flat surfaces. 
A comparison of the A-gen06 silver paste with the B-gen09 silver paste, by EDX analysis indicates a 
higher silver content in the latter one. This higher silver content seems to leads to more Ag-crystallites and 
correlates with the lower measured contact resistivities. Finally, when selectively removing the glass layer 
only, the silver finger is lifted off, and Ag-crystallites are directly contacted with liquid conductive silver, 
case e). As expected, then the lowest contact resistivity is measured for all the cases. 
4. Conclusion 
The ongoing progress in the Ag paste manufacturing allows contacting higher resistive emitters due to 
the formation of a thinner glass layer and smaller primary silver particles. These benefits are more 
pronounced on textured surfaces than on flat ones. The low conducting glass is locally concentrated at the 
bottom area of the pyramids of the texture, which gives rise to more direct contacts between the silver 
finger and the Ag-crystallites grown into the silicon emitter at the tips of the silicon pyramids. Current 
transport mechanism investigations by liquid conductive silver application after different stages of contact 
etch-back indicate that the current flows principally from the silicon through the Ag-crystallites. Thus it 
can be stated that both theories i.e. via direct contacts from Ag-crystallites to the Ag contact finger 
without glass in between and through a metal precipitate enhanced glass layer may be valid [1,5,6], but 
dominated by the contribution of the current flow from the silicon into the silver finger via Ag-crystallites 
in direct contact which are mainly located at the silicon pyramids tips. 
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